ABSTRACT Phytase B, a product of Aspergillus niger phyB gene expressed in Trichoderma reesei, which increased myo-inositol concentrations in 20 mM sodium phytate solution 7.5-fold during 120-min incubation, a combination of phytase B with 6-phytase A, and pure myo-inositol were tested as feed supplements in Bovans Brown laying hens. In the 2-factorial experiment (2 × 5), birds from wk 50 to 62 were fed 2 basal diets, cornsoybean (CSM) or wheat-soybean (WSM), using 12 one-hen cages per treatment. For both basal diets, the dietary treatments included negative control (0.08% nonphytate P in CSM, 0.13% nonphytate P in WSM; NC); internal control groups, NC + 0.04% nonphytate P from monocalcium phosphate, MCP (IC); NC + 0.1% of myo-inositol (Inos), NC + phytase B at 1,300 units of phytase B-acid phosphatase activity (AcPU)/ kg (PhyB), NC + phytase B at 1,300 AcPU/kg + 6-phytase A at 300 FTU/kg (PhyA+B). Feed intake, laying performance, and eggshell quality were determined. The total lipid and cholesterol contents as well as fatty acid profile were assessed in egg yolks collected from hens fed CSM diets, as was fatty acid profile. The hens fed the WSM diet consumed significantly more feed, laid a higher mass of eggs daily with higher mean weights, and had a higher hen-day egg production than the birds receiving the CSM diets. Similarly, higher values for yolk weights, shell weights, shell thickness, shell density, and breaking strengths were determined in the eggs laid by the hens fed the WSM diets. In hens fed either the CSM diets with phytase B alone, or in combination with 6-phytase A, enhanced feed intakes, egg mass, and hen-day egg production were recorded. Phytases also enhanced the eggshell quality parameters in the hens fed both variants of the diets. Phytase B alone, or in combination with 6-phytase A, reduced the total lipid and cholesterol concentrations in egg yolks collected from the hens fed the CSM diets, whereas the combination of both phytases improved the n-6:n-3 polyunsaturated fatty acids ratio. In the CSM diets, the supplemental myo-inositol suppressed feed intakes, reduced egg production, had no effect on eggshell quality and reduced the deposition of eicosanoid fatty acids in yolks. When comparing the effects of feeding MCP, myo-inositol, and phytases on the nutritional quality of the eggs laid by the hens fed phosphorus-deficient CSM diets, it seems that the enhancements in nutritional quality cannot be attributed solely to higher phosphorus level or higher concentrations of myo-inositol.
INTRODUCTION
Over the past 2 decades, the addition of exogenous phytases to poultry diets has become a standard practice, but the factors that modulate the efficacy of new generations of bacterial and fungal biocatalysts under the conditions of the birds' gastrointestinal tract are not yet fully understood. Although intrinsic barriers to plant phytate hydrolysis in the intestine have long been recognized, substantial theoretical and practical issues remain unresolved. In contrast to other feed enzymes, such as xylanase and β-glucanase, which with a limited number of cleavages in the long xylo-or glucopyranosyl chain rapidly reduce intestinal viscosity, phytases encounter a relatively low molecular weight substrate formed by salts of myo-inositol hexakisdihydrogen phosphate that is tightly occluded with high-molecular weight polysaccharides and proteins, a substrate that forms salt bridges with divalent cations, the solubility of which is altered by physiological pH changes in the intestine (Selle et al., 2006) . Furthermore, it has been reported that soluble phytate may inhibit duodenal disaccharidases, reduce the activity of Na + K + -ATPase, stimulate the endogenous secretion of sialic acid, and enhance ileal endogenous amino acid flow, as well as increasing endogenous sodium losses Liu et al., 2008) . Reductions in the utilization of protein and metabolizable energy resulting from phytate-altered intestinal digestion have been reported to be considerably ameliorated by supplemental phytases. Added to poultry diets, phytases have been shown to increase phosphorus, protein, amino acid, and mineral digestibility and, consequently, to reduce their excretion in manure (Selle and Ravindran, 2007; Woyengo and Nayachoti, 2011) . However, the breakdown of metal-protein-phytate complexes and liberation of orthophosphate moieties from the myo-inositol ring is incomplete. Theoretically, it seems possible that phytate hydrolysis in the intestine, among a mixture of lower inositol phosphates, also liberates free myo-inositol. However, both the limitations of the birds' gastrointestinal tract, which is to say different pH values and a short feed passage time, and the catalytic properties of 3-and 6-phytases A which cannot liberate the C-2 axial phosphate group from the phytic acid molecule constituted a basis for questioning this thesis (Selle and Ravindran, 2007) . On the other hand, Cowieson et al. (2011) suggested that complete dephosphorylation and generation of myo-inositol may be obtained by feeding "super-doses" (12,500 FTU/kg) of phytase A. In the literature, there is no direct experimental evidence to show that myo-inositol is liberated from phytate by phytases. The authors of this paper have already documented the significant growth-promoting effects of pure myo-inositol in broilers fed corn-soybean meal-based diets supplemented at 0.1%, a concentration similar to the quantities that could be liberated from feed, provided that complete dephosphorylation and total conversion of phytate occur in the birds' intestine (Żyła et al., 2004) .
The phytases used in poultry nutrition include commercial preparations of 3-phytase A, which initiate phytate hydrolysis by removing phosphate residue (iP) from position 3 of the myo-inositol ring, and 6-phytase A, which trigger degradation of phytate by removing iP from position 6 or 4 on the phytic acid molecule (Onyango et al., 2005; Greiner, 2006) . Available only in an experimental form is phytase B (Finase AP, Roal Oy, Finland), the enzyme previously known as a nonspecific acid phosphatase (EC 3.1.3.2) and nowadays classified as a histidine acid phytase. In contrast to A phytases, phytase B has a broad substrate specificity, a high specific activity, and a low optimal pH (Oh et al., 2004; Vats et al., 2005) . In both in vitro studies and feeding experiments with broilers and laying hens fed wheator corn-soybean meal-based diets, phytase B added on top of phytase A showed significant enhancing effects on the parameters that measure phytate dephosphorylation yield (Żyła et al., 2000, 2005) . An intriguing problem thus arises as to whether the simultaneous application of phytase A and phytase B to poultry diets may result in the liberation of substantial quantities of myo-inositol.
Numerous studies conducted on laying hens have indicated that microbial phytase A improves performance, eggshell quality, bone mineralization, phosphorus utilization, and the digestion of nutrients from nonphytate phosphorus (NPP)-deficient diets (Scott et al., 1999; Wu et al., 2006; Liu et al., 2007; Zaghari et al., 2008) . Multifactor experiments employing different levels of NPP and Ca have clearly indicated that Ca level and the Ca/NPP ratio in the diet effectively modulate phytase efficacy in laying hens (Gordon and Roland, 1997; Jalal and Scheideler, 2001; Hughes et al., 2008) . Preparations of A phytases enhanced feed intake, feed conversion ratio, and egg mass (EM), improved eggshell quality, and reduced phosphorus excretion in laying hens fed corn-soybean meal diets comprising 0.10 to 0.15% of NPP and carefully adjusted Ca level. Studies where different phytase A preparations, namely 3-phytase A, consensus 3-phytase A, and 6-phytase A, were tested simultaneously have not pointed to significant differences among the efficacies of diverse sources of the catalyst used for the supplementation of feed provided to laying hens (Jalal and Scheideler, 2001; Wu et al., 2006; Liu et al., 2007) .
Among the egg quality parameters which could be enhanced by phytase, the quality of eggshell, namely thickness, density, and breaking strength is cited most frequently. To the authors' knowledge, however, there have been no reports that suggest enhancements in the nutritional value of eggs laid by hens fed diets supplemented with phytase. The single contribution dealing with enzymes that could be applied for increased fatty acid utilization describes a multicarbohydrase preparation added to flaxseed and canola seeds to enhance the deposition of n-3 polyunsaturated fatty acids (PUFA) in egg yolks (Jia et al., 2008) . Although the production of designer eggs with an increased concentration of unsaturated long-chain n-3 fatty acids is growing steadily, standard eggs remain the predominant type consumed by the majority of the human population (Anton et al., 2006) . Similarly, the majority of eggs on the market have the yolk cholesterol concentrations that have not been altered by designed feed supplements. It seems, therefore, that possible improvements in the n-3:n-6 fatty acid ratio, as well as lower cholesterol concentrations in the yolks of standard eggs produced in bulk quantities, are of vital importance to human health.
The purpose of this study on laying hens was to determine the influence on production characteristics and eggshell quality of supplemental myo-inositol, phytase B alone, and phytase B combined with 6-phytase A added to NPP-deficient corn-soybean meal-based (CSM) and wheat-soybean meal-based (WSM) diets containing 3.65% of Ca. It also aimed to evaluate the possible influences of dietary supplements on the total yolk lipids, yolk cholesterol, and fatty acid composition in eggs laid by hens fed CSM-based diets. The potential effects of pure myo-inositol were contrasted with the effects of enzymes, the actions of which may produce inositol in the birds' intestine. In addition to the feeding experiment, the myo-inositol concentrations released from a sodium phytate solution by 6-phytase A, phytase B, and both enzymes were determined.
MATERIALS AND METHODS

Enzyme Activity Measurements and Units
The microbial phytase B (EC. 3.1.3.2; Finase AP) with a declared activity of 225,000 units/g was received from AB Enzymes OY, Rajamäki, Finland. The enzyme was described by the manufacturer as having been derived from a genetically modified Trichoderma reesei strain carrying the Aspergillus niger acid phosphatase gene and having side activities of β-glucanase, cellulose, and xylanase. In this study, one unit of phytase B-acid phosphatase activity (AcPU) was equal to 1 μM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C, pH 4.5. Finase AP was found to have a phytase B activity equal to 13.15 kAcPU/g. The preparation (Ronozyme PM) of 6-phytase A (EC. 3.1.3.2.6), donated by the manufacturer Hoffman la Roche (Switzerland), had a declared activity of 20 kFTU/g. The enzyme is produced by the Aspergillus oryzae strain which hosts the phyA gene from Peniophora lycci. One unit of phytase A activity (FTU) was defined as the quantity of enzyme which liberates 1 μM of inorganic P from 2 mM sodium phytate in 1 min at 40°C, pH 4.5. The measured activity of Ronozyme PM was 23.6 kFTU/g.
Determination of Myo-inositol Concentrations in Phytase Digests of Sodium Phytate
A solution of 0.02 mM sodium phytate in 0.1 M acetate buffer pH 4.5 was preincubated at 40°C for 15 min in a water bath. Aliquots of 0.1 mL containing a buffered solution of phytase B (500 AcPU), 6-phytase A (500 FTU), or phytase B and 6-phytase A (500 AcPU + 500 FTU) were added to the solution and incubated for 120 min. After 5, 30, 60, and 120 min of incubation, 0.5-mL aliquots of incubated mixture were withdrawn and put into a boiling water bath for 7 min to halt the reaction. Twenty microliters of samples, filtered through syringe filters, was injected into a sample loop of the HPLC separation system. Free myo-inositol was determined by the ion-chromatography technique coupled with electrochemical detection (HPAEC-PAD) with the CarboPack MA-1 column as described previously (Duliński et al., 2011) .
Birds, Housing, and Experimental Diets
The experimental protocol was approved by the Local Bioethical Committee for Experiments with Animals in Krakow, Poland. A total of 120 fifty-week-old Bovans Brown laying hens were placed in individual cages of 40 × 40 cm, equaling 1,600 cm 2 total floor space, on a wire-mesh floor under controlled climate conditions with the minimal temperature maintained at 20°C, a lighting period of 14 h of light:10 h of darkness, with a light intensity of 10 lx. Prior to the experiment, the laying hens were fed a standard CSM-based diet that met the NRC (1994) nutritional recommendations. At 50 wk, the hens were randomly assigned to one of 10 dietary treatments with 12 cage replicates of 1 hen and fed the experimental diets until wk 62. Feed and water were provided ad libitum.
In the 2-factorial experiment (2 × 5), the birds were fed 2 basal diets (CSM or WSM), not supplemented or supplemented with dietary additives, from wk 50 to 62. The ingredient and nutrient contents of the basal diets are given in Table 1 . The experimental diets were formulated to meet or exceed the dietary nutrient recommendations (NRC, 1994) , with the exception of P (0.08% NPP; 0.30% total P, and 0.13% NPP; 0.36% total P, for the CSM and WSM diets, respectively). The hens were fed the following 10 diets at 3.65% Ca: (1) a negative control CSM diet, 0.08% NPP (NC); (2) an internal control CSM diet, NC + 0.304 g of monocalcium phosphate (MCP; IC); (3) NC + 0.1% of myoinositol (Inos); (4) NC + phytase B at 1,300 AcPU/ kg (PhyB); (5) NC + phytase B at 1,300 AcPU/kg + 6-phytase A at 300 FTU/kg (PhyA+B). Diets 6 through 10 were WSM diets formulated according to the same design. The NPP levels of the IC diets had been established experimentally as being similar to the NPP concentrations in the PhyB diets. The quantity of NPP liberated from the feeds by the action of phytase B were determined in the in vitro procedure described above. Myo-inositol and powdered enzymes were premixed with a small quantity of feed and added to the remainder of the diet during final mixing. All the diets were formulated in such a way as to be isonitrogenous (CP: 170 g/kg) and isocaloric (ME: 11.6 MJ/kg). The protein and energy contributions from the enzyme addition were considered insignificant. For the course of the experiment, all diets were stored in a cooler at 4°C.
Sample Collection and Assays
The number and weight of eggs were registered daily throughout the experimental period and egg production (EP) was expressed as percentage of hen-day EP. Feed intake was recorded at the end of the experiment, whereas feed utilization (FU) was calculated for the entire experimental period and expressed as grams of egg mass per gram of feed mass consumed. The EM was calculated as the daily mass of eggs, namely egg production × egg weight/100, and egg weights (EW) were calculated as the mean weight of a single egg in each treatment. The eggs collected at d 80 (10 eggs from each treatment) from hens fed the CSM experimental diets (treatments 1-5) were analyzed for yolk lipid composition. These eggs were hard cooked for 15 min, and the yolks were separated and lyophilized. The total lipids were determined in yolk lyophilizates by means of supercritical CO 2 extraction (LECO TFE2000 Fat Determinator, LECO Corporation, St. Joseph, MI). The analyses of the fatty acid composition in the NC diet and in the egg yolk extracts were performed using gas chromatography (TRACE GC ULTRA, Thermo Electron Corporation, Marietta, OH) with a 30-m long, 0.25-mm inner diameter and 0.25-μm film methylpolysiloxane capillary column (SUPELCOWAX 10) and a flame-ionization detector at 250°C. Helium was used as the carrier gas, with a column flux of 1.00 mL/min; the injector temperature was 220°C, and the oven temperature program was 160°C for 3 min, 160 to 210°C (3°C/ min), and 210°C for 35 min. The fatty acid percentage was calculated by means of direct normalization of the peak areas. The eggs collected on d 84 of experiment (10 eggs from each treatment) were analyzed for shell breaking strength (BS) using an Instron Testing Machine (model 5542, Instron Ltd., High Wycombe, England), equipped with a 500-Newton load cell. The eggs were compressed at a constant crosshead speed of 10 mm/min and the BS was determined at the time of eggshell fracture. Another 10 eggs, collected randomly from each treatment on d 87, were used for total cholesterol determination. Samples of yolk liophilizates were solubilized in a 2% NaCl solution and analyzed in triplicate for total cholesterol, using a cholesterol esterase, cholesterol oxidase, and peroxidase-based diagnostic kit for the determination of total cholesterol concentration ("Liquick Cor-CHOL," PZ Cormay SA, łomianki, Poland) as described by Pasin et al. (1998) . The eggs collected on d 90 (18 eggs from each treatment) were analyzed for shell thickness and shell density, using semiautomated, egg-quality equipment [QCM+, Technical Services and Supplies (TSS), York, UK] as described by Świątkiewicz et al. (2010) .
Statistical Analyses
The data were analyzed using the GLM procedure of Statgraphics Plus for Windows (1996) . The ANOVA was performed following the model (Wadsworth, 1990) X ij = μ + α i + e ij , where μ = overall mean, α i = ith treatment effect, e ij = error contribution with average 0 and variance σ 2 and the 2-way ANOVA: X ij = μ +α i + β j + (αβ) ij + e ij , where μ = overall mean, α i = first factor effect, β j = second factor effect, (αβ) ij = interaction between factors, e ij = error contribution with average 1 Four additional experimental diets with each cereal component were formulated: internal control diets (IC): NC+ 3.04 g of monocalcium phosphate (MCP); myo-inositol supplemented diets (Inos): NC + 1 g of myoinositol; phytase B-supplemented diets (PhyB): NC + 1,300 AcPU (from Finase AP); phytase B and 6-phytase A-supplemented diets 1,300 AcPU and 300 FTU (from Ronozyme PM) per kg of feed. One unit of phytase B-acid phosphatase activity (AcPU) was equal to 1 μM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C, pH 4.5. One unit of phytase A activity (FTU) was defined as the quantity of enzyme that liberated 1 μM of inorganic P from 2 mM sodium phytate in 1 min at 40°C, pH 4.5.
2 Supplied per kilogram of feed: retinyl acetate 12,000 IU, cholecalciferol 3,000 IU, dl-α-tocopheryl acetate 20 mg, menadione sodium bisulfite 3 mg, thiamine mononitrate 2 mg, riboflavin 6 mg, pyridoxine 2 mg, cyanocobalamin 15 μg, nicotinic acid 20 mg, calcium pantothenate 12 mg, folic acid 1 mg, biotin 50 μg, choline-HCl 200 mg, Mn 65 mg, Zn 50 mg, Fe 20 mg, Cu 6 mg, I 0.5 mg, Se 0.1 mg, Co 0.2 mg, ethoxyquin 125 mg, virginiamycin 15 mg, diclasuril 1 mg. 0 and variance σ 2 ; I = 1...a, j = 1...b. Mean differences were determined using Duncan's test. The equality of variances was assessed using the Levene test. Statistical significance was accepted at P < 0.1
RESULTS
Phytase B Releases Myo-Inositol from 0.02 mM Sodium Phytate Solution
Superimposed chromatograms of 0.02 mM sodium phytate digests with 500 units of phytase B at 40°C, pH 4.5, taken after 5, 30, and 120 min of incubation are presented in Figure 1 . The concentrations of myoinositol increased with incubation time providing direct evidence of the ability of phytase B to release myo-inositol from a sodium phytate solution. The quantities of myo-inositol found in the sodium phytate solution after 5, 30, 60, and 120 min of incubation with phytase B, or 6-phytase A, and 6-phytase A combined with phytase B, at pH 4.5 and 40°C, and determined by the ionchromatography technique coupled with electrochemical detection (HPAEC-PAD) are depicted in Figure 2 . 6-Phytase A did not change the quantity of myo-inositol at all, throughout the incubation period. Phytase B, however, produced a progress curve, with the highest increases in myo-inositol concentrations found between 5 and 30 min of incubation and a plateau thereafter. The addition of 6-phytase A in combination with phytase B accelerated the production of myo-inositol during the first 30 min of incubation but did not seem to influence the final reaction yield. Generally, after 120 min of incubation, the concentration of myo-inositol released from sodium phytate solution by 500 AcPU of phytase B increased 7.5-fold.
Laying Hens Feeding Experiment
In the Bovans Brown laying hens kept on experimental diets from wk 50 to 62, significant main effects for the dietary additions (P = 0.013) and the cereal feed component (P = 0.001) were observed for daily intakes of feed as was a significant cereal component for the interaction of the dietary additions (P = 0.004). In contrast to the hens fed the CSM diet, those that received the WSM diet had daily feed intakes which did not differ significantly (P = 0.193, Table 2), although there was an 8-g difference in feed consumption between the NC and the Inos treatments. The inability of this experiment to detect significance in such a large difference in FI may suggest the possibility of type II error. In the laying hens fed the CSM diet, however, phytase B increased the daily intakes of feed to an extent similar to that caused by 0.304 g of MCP per kilogram of feed in the IC diet. The addition of 6-phytase A along with phytase B did not produce further enhancements in feed intakes beyond the quantities attained with phytase B. Myo-inositol supplementation, on the other hand, had a negative effect on the intakes of the CSM feed. Changes in BW, which were measured at the end of the experimental period, reflected the quantities of ingested feed over the course of the 13 wk; the birds fed the CSM diets lost an average of 274 g whereas hens fed the WSM feeds maintained their weight at an almost constant level. Among the hens fed the CSM diet, the highest weight losses were recorded in the NC treatment (414 g), whereas the hens fed the diet containing both phytases (PhyA+B) lost 138 g on average. It is of interest to note that, in parallel to WSM treatments, Progress curves of myo-inositol concentrations generated from sodium phytate by phytase B (-•-), 6-phytase A (-□-), and phytase B combined with 6-phytase A (-■-) after 5, 30, and 120 min of incubation, 0.02 mM dodecasodium phytate solution, 500 units of phytase B (Finase AP), 500 units of 6-phytase A (Ronozyme PM), incubation at 40°C, pH 4.5. Myo-inositol was determined by the ionchromatography technique (CarboPack MA-1 column) coupled with electrochemical detection (HPAEC-PAD). One unit of phytase B-acid phosphatase activity (AcPU) was equal to 1 μM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate solution at 40°C, pH 4.5. One unit of phytase A activity (FTU) was defined as the quantity of enzyme that liberates 1 μM of inorganic P from 2 mM sodium phytate in 1 min at 40°C, pH 4.5.
NC and PhyA+B, the birds lost 17 g and gained 64 g, respectively.
Feed utilization, calculated as grams of egg per gram of feed, did not differ significantly among the dietary treatments (P = 0.116) and the cereal components of feed did not affect this parameter either (P = 0.584; Table 3 ). Although no statistical significance was detected, feeding 0.1% myo-inositol resulted in a decrease in FU when compared with the NC diet (0.472 vs. 0.508), suggesting again the possibility of type II error. The hens fed the WSM diets laid a significantly higher mass of eggs (P = 0.001) daily, with higher mean weights (P = 0.013) and a higher hen-day egg production (P = 0.002) than the birds that received the CSM diets. Dietary additions influenced EM (P = 0.028) and egg production (P = 0.032) in hens fed both kinds of feed and interacted with the type of feed for the mean weight of the eggs. A higher mass of eggs was recorded for the hens fed the diets supplemented with MCP, phytase B, and phytases A and B than for those fed the diets supplemented with myo-inositol. These differences were reflected in the values of hen-day egg production which had a similar pattern of variability. Additionally, myo-inositol reduced the mean weight of the eggs in the hens fed the CSM diet.
The cereal component of the diets influenced yolk weights (P = 0.001), yolk color (P = 0.001), and eggshell quality parameters (Table 4) . Higher values were determined for yolk weights, shell weights, shell thickness, shell density, and shell breaking strengths in the eggs from hens fed the WSM diet, but the yolks of the eggs laid by the hens fed the CSM feed had significantly more points on the Roche scale for yolk color. The variability in yolk weights was too high for the effects of dietary additions to be detected for that measurement (P = 0.067), but there was a tendency toward heavier yolks in the eggs collected from the hens fed the diets containing phytase B or both phytases. The phytases employed in this study also exerted a positive influence on the shell quality parameters. The shells of the eggs collected from the hens fed the diets supplemented with phytase B and 6-phytase A were heavier and of thickness comparable to the eggshells from the PhyB treatment but significantly higher than in the NC, IC, and Inos experimental groups. The shell density and breaking strength were of a similar level in the eggs collected from the IC and Inos treatments. Again, the addition of phytase B and 6-phytase A to the feeds resulted in increased eggshell density and strength, as much as for egg weights and shell weights.
Egg Lipids and Egg Fatty Acid Profile
The dietary additions significantly affected the total lipid content (P = 0.005) and total cholesterol (P = 0.001) in the egg yolks as well as the relative concentrations of saturated fatty acids (SFA, P = 0.037), monounsaturated fatty acids (MUFA, P = 0.009), polyunsaturated fatty acids (PUFA, P = 0.001), n-6 PUFA (P = 0.001), and the n-6 to n-3 ratio (P = 0.003) but The hens were fed the following diets at 3.65% Ca: a negative control corn-soybean meal diet, 0.08% nonphytate P (NC); an internal control CSM diet, NC + 0.304 g of monocalcium phosphate (IC); NC + 0.1% of myoinositol (Inos); NC + phytase B at 1,300 AcPU/kg (PhyB); NC + phytase B at 1,300 AcPU/kg + 6-phytase A at 300 FTU/kg (PhyA+B). The wheat-soybean meal diets were formulated according to the same design.
3 6-Phytase A fed at 300 FTU/kg, phytase B at 1,300 AcPU/kg. One unit of phytase activity (FTU) was defined as the quantity of enzyme required to liberate 1 M of inorganic phosphorus from 2 mM sodium phytate in 1 min under 40°C, pH 4.5. One unit of acid phosphatase activity (AcPU) was equal to 1 M/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40°C, pH 4.5.
4 Body weight at d 84 minus BW at d 1.
not n-3 PUFA (P = 0.302; Table 5 ). However, neither the SFA concentrations, calculated in milligrams per 60 grams of egg differed significantly among treatments (P = 0.085), nor did the concentrations of MUFA in the whole yolks, but the dietary supplements did affect the PUFA (P = 0.026) and, particularly, the n-6 PUFA (P = 0.022) content in the yolks. The highest percentages of total lipids (53.12%) were recorded for the yolks laid Means within a column with no common superscript differ significantly (P < 0.05).
A,B Means of cereal component effect within a column with no common superscript differ significantly (P < 0.05).
1 The hens were fed the following diets at 3.65% Ca: a negative control corn-soybean meal diet, 0.08% nonphytate P (NC); an internal control CSM diet, NC + 0.304 g of monocalcium phosphate (IC); NC + 0.1% of myoinositol (Inos); NC + phytase B at 1,300 units of phytase B-acid phosphatase activity (AcPU)/kg (PhyB); NC + phytase B at 1,300 (AcPU)/kg + 6-phytase A at 300 FTU/kg (PhyA+B). The wheat-soybean meal diets were formulated according to the same design.
2 The values are the means of 12 replicates of 1 hen kept in individual cages. 3 Grams of egg per gram of feed. 4 Daily mass of eggs = (hen-day egg production × egg weight)/100. 5 Hen-day egg production = (100 × number of eggs laid)/(number of hens × days). The hens were fed the following diets at 3.65% Ca: a negative control corn-soybean meal diet, 0.08% nonphytate P (NC); an internal control CSM diet, NC + 0.304 g of monocalcium phosphate (IC); NC + 0.1% of myo-inositol (Inos); NC + phytase B at 1,300 units of phytase B-acid phosphatase activity (AcPU)/kg (PhyB); NC + phytase B at 1,300 AcPU/kg + 6-phytase A at 300 FTU/kg (PhyA+B). The wheat-soybean meal diets were formulated according to the same design.
3 Points on the La Roche scale. 4 Dried shell weight/eggshell surface area.
by the hens receiving the NC diet. Each of the dietary additions tested significantly lowered total lipids in the yolks. The highest concentrations of total cholesterol calculated per gram of yolk were determined for the yolks from the NC and Inos treatments. Supplementation of the diet with MCP or with the combination of phytases (PhyA+B) significantly lowered the relative concentrations of total cholesterol. However, the highest reductions for this measurement were caused by the addition of phytase B as a single supplemental enzyme. The highest total cholesterol quantities calculated per egg (223.7 mg) were found for the yolks laid by the hens fed the NC diet, whereas supplementation of the diet with phytases B and A significantly lowered the value to 193.5 mg. Phytase B increased the deposition of SFA, calculated as a percentage of total fatty acids, in the egg yolks. In these yolks, the relative concentrations of SFA were significantly higher when compared with those obtained from the hens fed the NC diet but did not differ significantly from the SFA concentration determined for the egg yolks collected from the hens fed the other treatments. The relative concentrations of MUFA in the yolks averaged 56.6% and were highest in the eggs collected from the hens fed the diets that contained both phytases (57.9%). However, the PUFA, particularly from the n-6 family (10.4%), were poor in these yolks, in contrast to the eggs laid by the hens fed the IC diet where the highest percentages (12.9%) of n-6 PUFA were determined. As a result, the n-6 to n-3 ratio was the highest in the yolks collected from the hens assigned to the IC treatment (32.7) while the lowest ratios (26.5) were characteristic for those from the Phy A+B treatment. The detailed fatty acid profile in egg yolks collected from the experimental hens is given in Table 6 as is the fatty acid composition for the CSM basal diet (NC). With a few exceptions, the dietary additions showed significant effects on a percentage of particular fatty acid depositions in the yolks. Linoleic acid (LA, C18:2 n-6) was the main fatty acid found in the CSM feed, but oleic acid (C18:1 n-7, n-9) accounted for more than half of the total fatty acid concentrations in the egg yolks. Similarly, the concentrations of palmitic (C16:0), stearic (C18:0), and palmitoleic acids (C16:1 n-7, n-9) were higher in the yolks than in the CSM feed. When compared with the NC diet, significantly higher percentages of palmitic acid were determined in the egg yolks collected from hens fed the diets supplemented with myo-inositol or with phytase B. The addition of myo-inositol to the NC diet also resulted in a reduced relative deposition of eicosanoid (20-C unsaturated) fatty acids. Generally, the yolks obtained from the hens fed phytase B had low relative amounts of oleic acid but were high in saturated fatty acids and stearidonic (C18:4 n-3) and docosatetraenoic (C22:4 n-6) acids. The highest percentage of C-18 PUFA was determined for the eggs collected from hens fed the IC diet. These yolks, however, had low relative concentrations of oleic acid, eicosapentaenoic acid (EPA, C20:5 n-3), and doc- Means within a column with no common superscript differ significantly (P < 0.05).
1
The values are the means of 10 eggs collected from each treatment on d 83.
2
The hens were fed the following diets at 3.65% Ca: a negative control corn-soybean meal diet, 0.08% nonphytate P (NC); an internal control CSM diet, NC + 0.304 g of monocalcium phosphate (IC); NC + 0.1% of myo-inositol (Inos); NC + phytase B at 1,300 units of phytase B-acid phosphatase acitivity (AcPU)/kg (PhyB); NC + phytase B at 1,300 AcPU/kg + 6-phytase A at 300 FTU/kg (PhyA+B). The wheat-soybean meal diets were formulated according to the same design.
3 SFA = saturated fatty acids; they include C14:0, C15:0, C16:0, C18:0. C20:0, C22:0, and C24:0. MUFA = monounsaturated fatty acids; they include C14:1, C16:1, C18:1, C20:1, C22:1, and C24:1. PUFA = polyunsaturated fatty acids; they include n-3 fatty acids (C18:3n3, C18:4n3, C20:4n-3, C20:5n-3, C22:5n-3, and C22:6n-3) and n-6 fatty acids (C18:2n-6, C18:3n-6, C20:2n-6, C20:3n-6, C20:4n-6, C22:2n-6, C22:4n-6, and C22:5n-6); DHA = docosahexaenoic acid.
osahexaenoic acid (DHA, C22:6 n-3). Supplementation of the CSM feed with phytase B and 6-phytase A resulted in an enhanced relative deposition of oleic acid, arachidic acid (C20:0), and gadoleic acids (C20:1) but in reduced percentages of myristic acid (C14:0), LA, and linolenic acid (LNA, C18:3 n-3).
DISCUSSION
The study provides experimental evidence that, in contrast to 6-phytase A, phytase B, applied at 500 AcPU, releases myo-inositol from a sodium phytate solution. The technique employed for the determination of myo-inositol (HPAEC-PAD) cannot be directly applied to following changes in myo-inositol concentrations in the digests of fully formulated poultry diets (Duliński et al., 2011) . However, preliminary in vitro investigations, carried out under conditions that simulated digestion in the birds' intestine and with a validated microbiological assay of myo-inositol, confirmed myo-inositol release from poultry feeds supplemented with phytase B (data not shown). The study examined the effects of phytase B added to P-deficient diets for laying hens by contrasting them with the results attained from adding pure myo-inositol from feed supplementation with a mixture of phytase B with 6-phytase A and from feed supplementation with CMP to provide an available P concentration similar to the level generated by the concerted action of phytase B and 6-phytase A. Furthermore, because wheat-based diets are known to partly ameliorate the detrimental effects of feeding low P diets in poultry, CSM and WSM diets were tested during the feeding trial. The experimental design employed in the study was based on the assumption that phytase B, similar to phytase A, may release enough inorganic P to permit the complete elimination of inorganic P sources during feed formulation. Consequently, the supplemented and analyzed concentrations of total P were higher in the WSM basal diet (total P: 0.44%) than in CSM diet (total P: 0.36%), whereas Ca was provided at adequate levels.
The type of feed was the predominant factor modulating laying hens' responses to the experimental diets. The hens receiving the WSM diets had superior feed intakes and a better laying performance than the hens fed the CSM diets and, in contrast to their counterparts, hens receiving the CSM diets did not lose BW. Furthermore, with the exception of yolk color, the eggs collected from the hens receiving the WSM were of better quality. These effects, together with egg production, which is the best measure of P nutrition adequacy in laying hens receiving feeds with the recommended Ca concentration (Scott et al., 2000) , point to a better P supply and better Ca/P balance in the hens receiving Table 6 . Effects of the dietary additions on the fatty acid composition in the yolks collected from the hens fed the corn-soybean meal (CSM)-based diet (% of total fatty acids) the WSM feeds. This can be attributed to the fact that endogenous phytate-degrading enzymes are higher in wheat than in corn (Eeckhout and De Paepe, 1994; Viveros et al., 2000) . The results agree with data from other researchers who have compared laying performance and egg quality in laying hens fed CSM and WSM feeds (Scott et al., 2000; Liebert et al., 2005; Skřivan et al., 2010) . Scott et al. (2000) showed that the formulation of wheat-based diets which are appropriate for evaluating the responses of laying hens to exogenous phytase A may pose a problem owing to the high P availability from wheat and relatively low requirement for P in laying hens. The authors of this article were unable to detect any effects of the dietary additions on the feed intakes and BW changes in laying hens fed WSM diets, but the laying performance and egg quality parameters were consistently affected, without significant interactions with the type of the feed under study. This also suggests that the xylanase side activity present in the Finase AP preparation of phytase B did not modulate the FI of the experimental hens. Phytase B, similar to phytase A, as described by Wu et al. (2006) , Liu et al. (2007) , and Hughes et al. (2008) , prevented a decline in FI in the hens fed the P-deficient CSM diets. This was owing to P release, rather than generation of myoinositol, because the intakes of the hens fed the CSM diets supplemented with inositol were 7 g lower than those observed in the hens fed the NC diet. The significant interaction between the type of cereal used and the dietary additions which was found for the intakes of feeds supplemented with myo-inositol suggests, however, that this compound suppressed the intakes of CSM feeds, but not WSM. Although the experimental design did not include a positive control treatment with the recommended P concentration, the FI in hens on the IC diet were comparable to those of the birds receiving the CSM feed supplemented with phytase B alone or in a mixture with 6-phytase A. The changes in BW were influenced more by the type of diet than by the dietary additions, indicating that the birds fed the CSM diets were exposed to a severe nutritional stress connected with P deficiency. Theoretically, the P inadequacy and Ca to P imbalance were partly overcome in the diets supplemented with either MCP or phytate-degrading enzymes.
In this study, the effectiveness of supplemental phytase B was reflected in the enhanced EM and the percentage of egg production. The further addition of 6-phytase A on top of phytase B did not produce significant improvements in these measurements. Contrary to broilers, in which myo-inositol has been documented to enhance the BW gains (Żyła et al., 2004) , in the study reported here, no similar effects on hens' performance were recorded. In the hens, particularly in those fed the CSM feeds, the tendencies toward reduced daily mass of eggs and toward decreased hen-day egg production resulted from the 0.1% myo-inositol supplementation. The hens fed CSM diets supplemented with myo-inositol laid eggs with a mean weight of 59.0 g; however, for the eggs collected from their counterparts fed the WSM diets, this measurement reached 65.6 g. This phenomenon may be explained by the possible involvement of different inositols in the hormonal control of hen reproductive physiology as suggested by Józefiak et al. (2010) and Pilevar et al. (2011) . In the intestine of the hens fed the WSM diet, certainly a broad pool and high concentrations of different inositol phosphates must have been released by the wheat endogenous phytase to accompany the supplemental myo-inositol.
The best eggshell quality has previously been reported with either high or low levels of both Ca and NPP (Scott et al., 1999) . As recorded by Jalal and Scheideler (2001) and Hughes et al. (2008) , phytase A may be effective in enhancing eggshell quality when inadequate NPP feeds are provided to laying hens. Similarly to phytases A, as described by other researchers, phytase B, tested in this study, was found efficacious in improving shell weights, shell density, and shell breaking strength in the hens fed both types of diets and also showed a tendency to increase yolk weights.
The basal, NC, CSM-based diet used throughout the study had a fatty acid relative composition comparable to that reported by Oliveira et al. (2010) in a similarly formulated CSM-based diet fed to laying hens. As compared with that profile, the fatty acid composition of the NC feed used in the experiment described here showed a lower percentage of SFA (28.47 vs. 22.22% in this experiment), almost the same MUFA content (28.47 vs. 27.81%), a higher relative concentration of n-6 PUFA (34.04 vs. 47.29%), and a comparable relative concentration of n-3 PUFA (1.70 vs. 2.02%). In both studies, the incorporation of palmitic acid (C 16:0) and LNA into the yolks was almost the same (25 and 0.22%, respectively), but the hens in this study deposited more oleic acid (C 18:1; 42 vs. 50%) and less LA (12.6 vs. 10%). There seems to be a general agreement that hens fed standard feeds, such as the CSM feeds used in this experiment, lay eggs that are poor in LNA, EPA, and DHA (Ceylan et al., 2011) , and the relative concentrations of long-chain PUFA determined in the yolks collected in this experiment were indeed low. Arachidonic acid (AA, C 20:4 n-6) accounted for 0.45 to 0.65%, EPA for 0.004 to 0.006%, docosapentanoic acid (DPA, C 22:5 n-3) for 0.02%, and DHA for 0.11 to 0.16% of the total fatty acids, as compared with the 2.17, 0.00, 0.07, and 0.54% for AA, EPA, DPA, and DHA, respectively, determined by Oliveira et al. (2010) in the egg yolks collected from hens fed a CSM diet and to 0.59, 0.92, 0.47, and 3.18%, respectively, in an experiment performed by Baucells et al. (2000) on hens fed diets containing fish oil. Concentrations of 2.5 to 3.5% AA, 0 to 0.4% DPA, and 0.6 to 0.9% DHA were reported by Li-Chan and Kim (2008) in egg yolks collected from hens fed a standard CSM feed. The differences may be explained not only by the different breed and age of the hens, these being the 2 main nonnutritional factors modulating fatty acid deposition in eggs, as reported by Cobos et al. (1995) , Johnston and Gous (2007) , or Oliveira et al. (2010) , but also by the severe phosphorus deficiency and Ca/P imbalance that were characteristic for the CSM diets employed in our experiment.
Although statistical significance for the dietary treatments was attained in the percentage of almost every fatty acid tested, there were no marked differences in the degree of fatty acids saturation, monounsaturation, and polyunsaturation for the yolks obtained from different experimental groups. Furthermore, the tendency of higher yolk weights in the eggs laid by the hens fed diets containing phytase B or both phytases clearly reduced or eliminated the differences in SFA and MUFA concentrations when calculated in milligrams per yolk, a phenomenon that highlights the necessity of expressing fatty acid deposition not only in percentages of total fatty acids but also per whole tissue (Elkin, 2009 ). The same was true for the total cholesterol deposition in the yolks, where the highly significant differences observed among values calculated per gram of yolk were not observed when calculated per whole yolk. It should be emphasized, however, that the supplementation of low-P, NC diet with both phytases reduced the total cholesterol contents calculated per whole yolk. This observation warrants a more detailed study, primarily because similar reductions have been observed with probiotics (Mahdavi et al., 2005; Mátéová et al., 2009) and probiotic microorganisms are known to synthesize phytase (Haros et al., 2007) .
Intriguing differences in fatty acid deposition were observed between the eggs laid by the hens fed the IC diet and those laid by the birds fed the diet supplemented with both phytases (PhyA+B). The IC diet was formulated to contain amounts of available phosphorus similar to those for the PhyA+B diet. The significant effects found between these 2 experimental groups could thus be attributed to factors other than the increases in available phosphorus concentration resulting from enzymatic dephosphorylation. In spite of the similar concentrations of total lipids, total cholesterol, SFA, and n-3 PUFA in the egg yolks collected from the hens fed these 2 dietary treatments, there were also striking differences in fatty acid deposition. In comparison to the birds fed the IC diet, those fed the PhyA+B diet laid eggs with lower C18 PUFA contents but higher long-chain PUFA content. Under the conditions of this study, the deposition of fatty acids with 18 or fewer carbon atoms reflects the ability of hens to incorporate these compounds from the diet, whereas the long-chain PUFA deposition shows their metabolic potential for fatty acid desaturation and chain elongation (Jia et al., 2008) . It seems that, among the products of enzymatic phytate dephosphorylation, there must have been some substances that modulated fatty acid absorption in the intestine and impaired deposition of C18 PUFA. Apart from inorganic phosphate, myo-inositol, and a pool of different inositol phosphates, supplemental phytases may release metal ions from their complexes with phytates (Selle and Ravindran, 2007) . A strong relationship between the number of phosphate residues attached to the myo-inositol ring and the ability of a myo-inositol phosphate to bind iron has been recently reported by Yu et al. (2012) . Furthermore, using a Caco-2 cultured cells model, Courtois et al. (2002) demonstrated a negative effect of free iron on fatty acid absorption. The possible detrimental effect of iron released by phytases on PUFA deposition may be explained by peroxidation mechanisms (Maheswari et al., 1997) . Among all the dietary treatments in this study, it was the hens fed the diets containing the 2 phytases which had the highest percentages of EPA in the yolk lipids. The relative concentration of DPA did not differ among dietary treatments and a tendency toward reduced DHA levels in the hens fed the IC diet was noticed (P = 0.077). This suggests that the mixture of phytases added to feeds enhanced the hens' metabolic potential for the conversion of LNA into EPA. The desaturation-chain elongation pathway in the liver involves the action of Δ 6 -desaturase, the enzyme that also converts LA to AA. Arachidonic acid deposition was suppressed in the hens fed diets supplemented with myo-inositol. It seems possible that myo-inositol, or products of its metabolism, reduced the affinity of Δ 6 -desaturase to LA or inhibited the enzyme, given that the concentrations of other eicosanoid fatty acids (eicosatrienoic, C20:3n-6; eicosadienoic, C20:2 n-6; and gadoleic, C20:1 acids) were also decreased in the yolks collected from that treatment. Fed as a sole supplemental enzyme, phytase B promoted the deposition of SFA, whereas the addition of 6-phytase A on top of phytase B reversed this effect. Whether these phenomena are connected with different pools of inositol phosphates generated by the 2 phytases in the intestine from phytates remains an open question. Similarly, the molecular mechanisms behind low oleic acid concentrations in the yolks collected from the PhyB treatment and the much higher concentrations in the PhyA+B treatment remain unclear. In this study, a negative relationship between MUFA and PUFA concentrations was confirmed in the eggs laid by the hens fed the IC and the PhyA+B diets. This observation supports the thesis that PUFA inhibit the activity of Δ 9 -desaturase which is crucial in MUFA synthesis (Johnston and Gous, 2007; Yalçýn et al., 2007; Oliveira et al., 2010) . In the Phy A + B treatment, iron oxidation might have reduced the absorption of C18 PUFA but, at the same time, allowed for enhanced synthesis of MUFA by the Δ 9 -desaturase. The opposite was true for the IC treatment. The hens that consumed the NC diet laid eggs that were low in SFA, primarily palmitic acid, but had a relatively high concentration of AA. Again, it seems possible that P depletion in the diet could enhance the affinity of Δ 6 -desaturase to LA or reduce enzyme affinity for LNA. No significant differences were found for the relative deposition of n-3 PUFA among the eggs laid by the hens from the treatments under study. The concentration of n-3 PUFA in the egg yolks (0.39 to 0.43%) was low, and the n-6:n-3 PUFA ratio, ranging from 26 to 33, was poor from the human nutrition standpoint but agreed well with the chemical composition of standard egg yolks reported by Li-Chan and Kim (2008) . This reflects the well-known phenomenon whereby the n-3 concentration in egg yolks reflects the availability of the n-3 fatty acids source in a diet (Baucells et al., 2000) . Although no vegetable source of oil was incorporated in the diets for this study, the intriguing possibility that microbial phytases may alter fatty acid absorption from the intestine and also have an influence on the elongation and desaturation pathway in birds warrants further study. The interesting question as to whether these effects depend on the substrate specificity of a particular phytase and, therefore, on the particular pool of lower myo-inositol phosphates generated from feed phytates in the intestine needs to be resolved.
In the study presented here, a mixture of 6-phytase A (from Peniophora lycii) and phytase B (from Aspergillus niger) added to P-deficient CSM-based diets reduced total lipid and cholesterol content and favorably altered the n-6:n-3 PUFA ratio in the yolks of standard eggs laid by Bovans Brown hens. Although phytase B was shown to liberate free myo-inositol from a sodium phytate solution, there were no nutritional effects in the laying hens that could be attributed to this feature. In conclusion, it should be emphasized that, in contrast to broilers, detrimental rather than positive effects of feeding 0.1% myo-inositol on the performance of laying hens have been observed, but phytase B alone, and in combination with 6-phytase A was found to enhance the laying performance and the nutritional quality of eggs.
